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Chapter 1

Intr oduction

Modernsilicon fabricationtechniquesallow increasinglymoretransistorson a chip.
Thereis scopefor utilising the availabletransistorgo provide moreefficientandpow-
erful processors.The key to usingthis extra capacityis to increaseparallelism. If
several taskscan be carried out concurrentlythenthe overall throughputshouldbe
higher This s the basisfor “pipelining”. The basicprinciple of a pipelineis to have
a numberof stagesconnectedogetherin a sequenceEachactson aninstructionin
someway, they all work concurrentlyon differentinstructions.A simplepipelinemay
have threestagesthefirst fetchinganddecodinganinstruction,the secondexecuting
theinstructionandthethird writing a resultbackto theregisters.At eachclock cycle,
instructions'flow’ down the pipeline for the next phaseof processing.lIt therefore
takesthreecyclesfor aninstructionto be completelyexecutedbut threeinstructions
canbe processedt ary onetime, giving an executionrate of oneinstructionper sec-
ond. Thisapproachurnsoutto befasterthannon-pipelinedorocessorbecauséessis
doneperclock cycle (in agivenstagewhich meanghatthe clock canrunfaster

Oneproblemassociatedvith pipelineddesignds whenbranchingthedecisionon
whetherthe branchwill betakenwill be madetypically atthe executionstage By the
time the decisionis made,oneinstruction(moreif the pipelineis longer)will have
startedits journey throughthe pipeline. If the branchis taken, this instructionwould
be onthewrongpathof thebranch.

A further problemis thatit may be necessaryo stall the pipeline whenwaiting
for datato beloadedfrom memory If therequestediatais cachedt will take acycle
to retrieve andif the datais notin the cacheit may take a while to be fetchedfrom
mainmemory The pipelinestageresponsibldor loadingmustwait which meanghat
the flow of instructionsthroughthe pipelinewill have to be temporarilyblocked (or

stalled).

Dynamic execution superscalaprocessordry to overcometheseproblemsand
increasethe over all instructionrate by executinginstructionsout of orderand pre-
dicting the outcomeof a branch,“speculating”. Superscalaprocessorfiave multiple
pipelinesin parallel. This obviously addsa greatdeal of compleity but shouldgive
a greateraverageinstructionrate. An importantaspeciof dynamicexecutionproces-
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sorsis their ability to keepexecutionunitsbusyby findingindependeninstructionsto
execute.Thebranchpredictionattemptgo guessvhethera branchwill betakenatan
early stageandcheckingthe predictionlater Obviously shouldanincorrectdecision
bemade thecostwill behighbut alot canbe gainedby makinga goodprediction.

Many modernprocessoraresuperscalaincluding the PentiumandAlpha 21164
which do not executeout of orderbut do executemorethanoneinstructionatatime,
andthe Alpha 21264and PentiumPro which canissueinstructionsout of orderfor
moreefficiengy gain.

Therecurrentlyexists no superscalaimplementatiorof the AdvancedRISC Ma-
chinesLtd. processqrthe“*ARM”. CurrentARMs arerelatively simple,they areused
asembeddedCPUsin devicessuchasmobile telephonesswell asin personakcom-
puterssuchasthe Acorn Archimedes.

The aim of this projectis to investigatehow superscalatechniquesnight be ap-
pliedto the ARM instructionset.



Chapter 2

Preparation

2.1 Reseach

Theinitial partof thework wasto learnaboutprocessomicroarchitectureparticularly
pipeliningandsuperscaladesign.This involved revision of work from the IB course
oncomputerdesign[1( andlookingaheado thePartll architectureourse[13 Other
researchncludedlooking attherelevantsectionsof booksonthesubject[7 6, 12] and
manufcturers'web-sites[116].

It wasnecessaryo know abouthow the ARM is programmedandanideaof how
it worksinternally | usedthe ARM onlinedocumentation[]l. in particularthe ARM 7
specification[$.

2.2 Requirementsand Limitations

Thebasicprojectrequirementvasto producemodelsof the ARM CPUin ahardware
descriptionlanguagesuchas \erilog to enablesimulation. One modelshouldbe a
similar architecturdo the ARM 7 core,theothershouldbe a superscalaversion.The
modelsshouldproduceconsistentesultsgiventhe sameARM-codeprogram.

The detailedrequirementsand functional specificationfor the behaiour of the
modelsis essentialljthe ARM instructionsetarchitecturgISA)[8]. This definesthe
behaiour of the CPU asvisible to the programmer A numberof restrictionswere
madein orderto make the work feasiblein thetime availableandto concentraten
the coreof the CPU ratherthanperipherafunctions. Theseincludedeliminatingthe
memorymanagementnit, interrupthandling,the barrelshifterandblock datatrans-
fers. In orderto simplify the designfurther the programcounter(PC) was madea
stand-aloneegisterratherthanR15in the registerfile, andthe link registerwasnot
supported.
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2.3 Planning

Theintentionwasto usewell tried softwareengineeringnethodssuchasthewaterfll
model(asdescribedby Sommerville[14 andothers).A secondconflicting)intention
wasto work to getobsenrableresultsasearly aspossible,andto addfunctionality to
this. Theapproachusedwasto designthe systenfirst thendevelopthe basicmodules
with minimum functionality testeachmoduleindividually, thenintegratethemand
testthe result. Following successfutompletionof this, morefunctionality would be
addedo themodulesandthey would betestedandreintegrated(andsoon). A diagram
describingthe processs shawvn in figure 2.1. Thisis similarin approacho the“rapid
prototyping” methodsheingusedin industry

At every round, a certain function would be added. For example, the non-
superscalaversionstartedout only beingableto executeALU instructionswith no
branchingandno hardwareinterlocking. Thenext roundaddedchardwareinterlocking,
but no registerforwarding. The testprogramswerewritten to reflectthe limitations,
andto testall the functionality addedto date,with an emphasion the newly added
function.

Requirements

ARM Spec +
Limitations

System
Design

— MODULE

Implementation

Testing

Testing
COMPLETE

Integration

SYSTEM

Figure2.1: The Methodof Working



2.4. VERILOG 3

2.4 Verilog

Before coding| hadto learn more aboutthe hardware descriptionlanguage(HDL)
Verilog, in which the projectwaswritten. This involved revision of the IB work with
thelanguageanduseof tutorialsandguidesavailableon theworld wide weh

This sectionis intendedto give the readera brief overviev of the capabilitiesof
the language.The lecturenotesfrom the IB ECAD course[4 provide a tutorial on a
subsebf the languagemorein-depthcoverageof the languageandits syntaxcanbe
foundin bookssuchasThomasandMoorby[15.

At abasiclevel, Verilog (like all HDLs) providesa way to describea digital elec-
tronic circuit usinga programmindanguage.Verilog canbe usedin this way to de-
scribethe connectiondetweengates flip-flops andso on, but whatis more usefulis
its ability to supporthigherlevel description®f thecircuit (or partsof it). Forexample
an 8 bit addercanbe codedaseithera collectionof gatesor in a oneline statement
suchas:

wire [7:0] result = argl + arg?2;

A very usefulfeatureis registertransferlevel (RTL) description.This syntaxde-
scribeswhathappendo latchesat clock edges For example:

always @(posedge clock) countregister <= countregister + 1;

Veriloguseanoduleswhich aresectionf circuit with (possibly)inputandoutput
ports (wires). The programmewrites the module,andthis canthenbe instantiated
asmary timesasrequiredin othermodules. This approachenableshe codeto be
brokeninto self containedsectionsmakingthe codingmore structuredandallowing
individual moduleso betestedbeforeinclusionin otherhigherlevel modulegaswith
procedure$n anormalprogramminganguage).

A softwaresimulator is usedto seehow thecircuit would behae. Simulationscan
be carriedout at variouslevels, from RTL down to gatelevel, transistorevel or even
analogue(for arything exceptRTL, a synthesiser would be usedto producecircuit
descriptiondrom the RTL). For this project,the modelwassimulatedat the register
transferevel.
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2.5 Tools

The ComputerLab Linux machineswereinitially usedto develop and simulatethe
models.Dueto limitationsin the otherwiseexcellentcsim, it wasnecessaryo usethe
more powverful Cadence Verilog XL on a Sunmachine. The centrally managedand
bacled up filespacewas used,accessibldrom all machines.As well asthe regular
backupsperformedby the Lab, periodiccopiesof the files weretakenandbacled up
onthePelican system.

Theversioncontrol systemRCS wasusedto enableprevious versionsof the code
to be retainedwithout having to keepmary differentcopiesof the files. RCSis also
usefulsinceit helpsto preventaccidentaldeletionof files by keepingthe mastersn a
separatalirectoryandprovidesalog to trackthe changesnade. RCSwasalsoused
for thisdocument.

During the projecta smallnumberof shell scriptswerewritten to save time. For
example,to runasimulation,ascriptcontainedall the necessargommandsncluding
theappropriatessimulatorfor thearchitecture Emacs wasusedto editthe Verilog code,
aidedby a Verilog “mode” for Emacs.

2.5.1 Pre-processor

Whilst writing the superscalarersionof the CPU, it becameapparentthat a large
amountof repetitionof codewould be neededvith only smallchangesetweereach
line. For example,alist of 64 registerswhich all needto be updatedn a singleclock
cycle would needlinessuchas:

reg[0] <= (enable)?bus0:32’4d0;

regl[63] <= (enable)?bus63:32°d0;

Theonly thing changingbetweerthembeingthenumberindexing reg andthebus
number Sincelaterchangego this werelikely, it waspreferableto only have to write
theline onceandhave it duplicatedfor eachnumber0 to 63.

A majorprobleml| experiencedvith Verilog is its inability to supporta 2 dimen-
sionalarrayof wires(anarrayof buses) It canhandlea 2 dimensionahrrayof registers
but not wires. This becamea problemwhena part of the designneeded4 busesof,
for example, 32 bit width, arny of which could be assignedo a commonbus. This
needednary linesof wire declaratioranda complicatedmultiplexer.
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The solutionwasto write a small preprocessain Perl. This provided duplication
facilities aswell asbasicDEFINE support(similar to the normal preprocessor).To
duplicatea line, a preprocessodirective (codedasa comment)wasgivenin a style
similarto standardtor-loops:

//JRB:DUPLICATE (XX, 0, 63)
reg[XX] <= (enable)?busXX:32°d0;
//JRB:END

Theeffectis the codebetweerthe directiveswasrepeated4 times(in the above
example),with any occurrencef XX in thecodereplacedvith thecurrentvalue(some-
wherebetweerD and63).

Otherdirectveswere:

//JRB:DEFINE (AAA, ¢‘BBB’’)
//JRB: IFDEF (CCC)

//JRB:ENDIF

Thefirst of thesereplacedary occurrencef <AAA> with BBB. Thesecondemoved
the enclosedcodeif CCC wasnot defined. This wasusefulfor removing moduletest
wrappersvhenthey werenolongerneeded.

The preprocessowasrun on eachsourcefile beforesimulationusingthe simula-
tion shellscriptmentionedn section2.5. Eachsourcefile (*.cv) hada corresponding
simulationfile (*.sim.cv), the preprocessamakingthelatterfrom theformet

Theadwantage®f usingthe preprocessawverethe saving of time anderrorswhen
changingarepeatedine andtheability to collectimportantdefinitionstogethersingle
pointof definition).

2.6 Design

Throughouthedesignandimplementatiortheaimwasto make thedesignasmodular
aspossibleto enablemodulesto be reusedn otherpartsof the projector for future
work. A particularadvantagein usingmodulesis beingableto swap modulesfor a
particulartask. For example differentschedulingmoduleswvereexperimentedwith in
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thesuperscalaversion.Becausehey hadwell definednterfacesamoresophisticated
schedulecouldbeeasily“droppedin” in placeof anolderone.

With this in mind, it wasimportantto breakthe entiresystemdown into modules
beforeattemptingto codearything. Ideally theinterfacesbetweermoduleswould be
definedinitially, andthesewould notchangeln reality, asextrafunctionalityis added
and implementationdetails change,the interfacesevolve. Thereforethe interfaces
definedatthedesignstagewereonly guidelinesspecifyingthe sortof signalsbhetween
modules,andtheir purposes.Someparticularsignalswere namedbut much of the
detailwasleft until implementation.

Both the first (non-superscalalesignand the later superscalarersionhave a
numberof partsin common:

Arithmetic-logicunit (ALU)

Memoryaccessndinstructiondecodestages

Datamemorymodel

Othermiscellaneousnodules.

Thedecisionwastakento codefor the non-superscalarersionandto modify the
appropriatenodulesfor usewith the superscaladesignlater.

2.6.1 Non SuperscalarVersion

TheearlierARMs usea 3 stagepipeline,the lateroneshave 5 stages.The latterwas
chosenfor this projectasit is more flexible and offers potentialfor greaterperfor
mance. The pipeline structuregivesa cleanmoduleseparatiorfor the 5 stages.The
designis basedon the ‘classic RISC pipeline’ describedn the Part Il Comparatre
Architecturescourse[13 andby HeuringandJordan[§ amongsbthers.

Eachstageconsistsof somelogic followed by a bankof latches(exceptthe fifth
stagewhich hasno latchessinceits outputs‘flow through’ directly backinto earlier
pipelinestages).This givesa basicmoduledesignconsistingof inputsfrom the pre-
vious stage,someinternallogic, someoutputlatchesand outputsto the next stage.
Therearea numberof otherconnectionsvhichwill bediscussedater

A stageneedso know if the datait is receving from the previous stageis valid.
Therearetwo caseghatdatacomingout from a stageis notvalid:
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1. The previous stageis still processingandthe outputdatais not ready For ex-
ample,whilst waiting for amemoryfetchto be completedvhenthe databeing
outputwould be garbageuntil the correctvalueis ready

2. Thepreviousstagehadnodatato processorterminatedheinstructionsjourney
throughthe pipeline (becaus®f a branchfor example).

An extra outputfrom eachstageis neededo flag the validity of the data. This
signal,to becalledignore, is highif thedatais invalid. A stagecanmarkoutputdata
asinvalid (i.e. shouldbeignored)in eitherof the abose cases.Alternatively a stage
not outputtingvalid datacould pusha no-operatior(NOP) down the pipe.

Thereneedgo be communicatiorbackup the pipeline. Therearetwo reasongor
wantingto communicatevith earlierstages:

1. If abranchis taken, instructionsearlierin the pipelinewill be thosefollowing
the branch. Theseshouldnot be executedand mustbe ignored. The execution
stageis the only stagethat would ever do this. This signal,f1lush, causeghe
first two stagego mark their outputdataasinvalid soit is not usedby further
stages.

2. If astageis still processingts currentinstruction,it musttell the previous stage
to notchangets outputlatchesyetasit is notreadyandstill requiregheprevious
stages outputfrom the earlierinstruction(necessargincethe latchingis atthe
end of the previous stage). This signalis calledstall, it canbe sentby ary
stagdoits predecesspastagethatrecevesastallmustpasst onto theprevious
stage.

The executionstagecontainsan ALU. The ALU wasimplementedasa separate
moduleto enablereusein the superscaladesignlater The ALU is connectednly to
this stagesothe ALU modulecanbe nestednsidethe executionstagemodule.

Theregistersareall heldin a structureknown asthe registerfile. This providesa
singlewrite port anda numberof readports. The registerfile moduleconnectgo the
instructiondecodestage(for agumentreading)andto the register write-backstage
(for writing).

The systemmemorywill be modelledastwo separatenemoriespnefor program
codeandonefor data. This reflectsthe separaténstructionanddatacachegHarvard
architecture¥ound in mary modernprocessorsincluding the StrongARM. As core
CPU performances of moreinterestthanmemoryperformancethe modelsfor both
memorieswill besimple. To improve the modelfor datamemoryaccessall accesses
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----- Stall
Q Logic
PROGRAM DATA
MEMORY MEMORY
7'y A Latches

.......................................................................

""" 2N\ B 3N\ AN NS
MA WB

Forwarding Path

A 4

REGISTER ¢
FILE

Forwarding Path

Figure2.2: Non-superscaldBlock Diagram

shouldgothroughamodulewhichwill provide somekind of variabledelayto simulate
(e.g.) cachemisses. The memoriesthemseles will be modulesso could easily be
replacedby a moresophisticatediesignin thefuture.

Thebasicblock designof the non-superscalarersionis shavn in figure 2.2.

2.6.2 SuperscalarVersion

Superscalamachineshave multiple pipelinesin parallel. Therearetwo key types:

1. Staticscheduledinstructionsaredispatchedo pipelinesasthey arefetched.It is
oftenhardto keepall thepipelinesbusysincedependencidsetweerinstructions
cannotbedetermined.

2. Dynamicallyscheduledthe processofooksaheadn the codeto determinghe
dependencieletweerinstructions.It canthendecidewhich onesto dispatchin
orderto keepthepipelines(executionunits)busy Theinstructionscantherefore
be executedout of order dynamic execution.

This designusesdynamicscheduling.This is the morechallengingapproachout
shouldprovide greatergainsthanstaticscheduling.
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Sincebranchegposeproblemswhenlooking aheadin the code,the outcomeof
a branchwill be predictedbeforeit is actually executed. This techniqueis called
speculation. Theactualoutcomeis checled laterandcorrectedf necessary

The superscalamodel needsto analysethe codeto look for instructiondepen-
dencies.The approachtusedis to renamearchitecturakegistersasthey are seenwith
‘unique’ identifiers, using a new identifier eachtime a register is written to. This
preventsreuseof a registerfrom beingviewed asa dependengc betweerinstructions
which have no directdependeng This processds calledregister colouring, it is dis-
cussedn section3.2.6.

Oncethedependenciesf instructionsontheresultsof otherinstructionss known,
it is possibleto executeinstructionsout of orderto keepthe executionunitsbusy The
only constrainton the orderof executionis thatfor aninstructionto be executed all
of its operandsnustbeready This meanghatall previousinstructionsit dependsn
have beenexecuted(i.e. causalbrderis presered eventhoughtotal orderis not).

REGISTER
FILE
PROGRAM 1 1
MEMORY EXEC = = ' |[EXEC

A 4

,, 0O O

COLOURING >

RETIRE

v

FEEDER

>

N 1
; HOLDING
1 1

Figure2.3: SuperscalaBlock Diagram

The basicdesignis shavn in figure 2.3. The feederunit provides a streamof
decodednstructions.Theregistercolouringunit providesamappingbetweerphysical
andarchitecturakegisters.The holding unit containsa pool of instructionswaiting to
be executedor retired, this provides the window to ‘look ahead’in the code. The
executionunits are controlledby the schedulerthey take a pooledinstruction (with
bothoperandseady),waiting to be executed andexecuteit, markingit assuch.The
retirementunit goesthrough executedinstructionsin their original order removing
themfrom the pool, updatingthearchitecturastateandcheckingthe predictedoranch.

Several modulesfrom the non-superscalaversioncan be reused,someneeding
modifications. The first two pipeline stagesrom the earlierversionshouldbe com-
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binedto make the feederunit. Major differenceshetweenthe behaiours of the two
versiondeadingto modificationsare:

e Thesuperscalaversionneedsranchprediction.

e The superscalaversiondoesnot needto look up actualregistervalues,only
passtheregisternumberoutto theregistercolouringunit.

The ALU anddatamemorymodulescanbe usedwith little or no modification.

Themodulebreakdown is shawn in figure 2.4. Somemodulesarenestedor com-
bined becausef the large numberof connectiongo other parts. For example,the
executionunits and register file arein one modulewith nestedALUs. This is due
to the multiplexers requiredto connectthe executionunits to the registersto enable
simultaneousvriting of morethanoneregister

O | EXEC & REGISTERS

PROGRAM 5 || EXEC| = - |[EXEC| | | RETIRE
MEMORY @

v CONTROL 1 1

» COLOURING —* LoGIC 1 HOLDING

FEEDER ‘l "

Figure2.4: SuperscalaModule Diagram

2.6.3 DesignChanges

As thedesignprogresse@ smallnumberof issuescameto light thatrequiredchanges
to the limitations of the model. The mainissuewasthe ARM’s ability to predicate
executionof ary instruction.Every singleinstructioncarriesafour bit predicatecode
(called condition code by ARM). The codesrepresentonditionssuchas “always”,
“carry set” and“zero clear” for example. The instructionis only executedif the sta-
tusflags(carry zero,negative andoverflow) arein a configurationacceptabldoy the
predicatecodeof theinstruction.

A relatedfeatureis the'S’ bit in a dataprocessinge.g. ALU) instruction. When
set,this bit causeghe statusflagsto be updatedo reflecttheresultof theinstruction.
If S is notset,thestatusflagsareunchanged.
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Thisresultsin extra dependencieBetweerinstructionswhich, aftermuchconsid-
eration,provedto bedifficult to dealwith. It not only enforcesorderof executionbut
alsocreategproblemswith theregistercolouring. For example, supposeaninstruction
ADDEQ R1, R1, #1 failedtoexecutebecause¢hezeroflagwasnotset,futureinstruc-
tionsshouldusethe physicalregisterallocatedfor theold versionof R1ratherthanthe
onefor the new version,but by thetime theinstructionwasexecuted the registersof
incominginstructionswould have beencolouredfor the new versionof R1.

Theaddedcompleity led to predicationof non-branchinstructionsbeingunsup-
portedandits implementatioreft for futurework.
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Chapter 3

Implementation

This chapterdescribeshow the modelswere implementedwithin the block designs
describedn the previous chapter The generalapproachtakenwasto codethe lowest
level modulesandtesteachonewith a simulationwrapperbeforemaoving on to code
higherlevel modules.Thesewerethentestedwith simulationwrappers.Onceall the

key moduleswere completedn this way, the systemwasintegratedandtested. The

basicmodelwasthenextendedto provide extra functionality onefunctionatatime.

This methodallowed a working, albeitincomplete modelto be availableearlyin the
processenablingversionswith differentfeaturedo betestedandcompared.

3.1 Non SuperScalar Model

Thedesignof the non-superscalanodelwasoutlinedin section2.6.1. Thefollowing
sectiongescribehebehaiour of eachmodule.

3.1.1 Stagel: Instruction Fetch (IF)

Thetaskof thelF stageis to retrieve aword from memory The programcounter(PC)
is maintainedwithin the IF stageandaddressethe connectegorogrammemory

The stagerecevestwo signalsfrom the secondstage f1lush andstall. Thefor-
merinstructsthe stageto stopandignorewhatit is currentlydoing,thelatterrequests
a pausefor the currentcycle. Whena f1lush signalis receved the ignore valueis
set,on the next clock edgethis is loadedinto the outputlatches(alongwith ary data,
now garbage)o inform the next stageto ignorethe data. The stall signalcauses
the outputlatchesto remainasthey werefor thenext cycle, i.e., theresultof thefetch
shouldnot be loadedinto the latch yet, insteadthe PC mustnot be adwvancedso the
inputfrom memoryremainshe same.

The executestageis responsibldor calculatingbranchesandwill sendsignalsto
the IF stageto changehe PCif abranchis taken. If themuxselect line is high, the

15
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offsetprovidedby the executionstageis addedo thecurrentPCand8 subtractedThe
subtractionis to take into accountthe fact that the PC will have advancedfrom the
addressat which the branchinstructionwasloadedby 2 words (8 bytes). Otherwise
the PCisincrementedy 1 word (4 bytes)to theaddres®f the next instruction.

3.1.2 Stage2: Instruction Decode(ID)

ThelD stageaakesthefetchednstructionanddecoded to produceaseriesof valueso

beusedlater The ARM instructionformatis regularandmostfields canbe obtained
by taking a subrangeof the instructionbits. The differenttypesof instructionhave

differentfields. ALU operationscontainthe opcode,destinationregister and up to

two operandregistersaswell assomeotherflags. Branchinstructionshave an offset
andafew flags.All instructionshave thepredicatecodebits.

The'type’ of theinstructionis takenfrom bits 27 to 25 of theinstruction. The bit
patternssupportedn this modelare: 00X - ALU operation(with bit 25 determining
whetheroperand? is immediateor from aregister),101- Branch,01X - Memory Ac-
cess.A specialpatternof 111is usedin the latersuperscalaversionto denotespecial
instructionsusedto aid simulation(haltandregisterdump). Thevalueof ‘type’ is used
throughouthedesignto determinevhethercertainfieldsarevalid. For example,if the
typeis 101thenthe opcodefield will notbevalid asit will contain4 bits of datafrom
abranchinstruction.

The decodestagealso performsregisterlookupsfor operandghatarenot dueto
be written by instructiondaterin the pipeline. A scoreboardn theregisterfile keeps
track of whetherregistersare ‘out for writing’ or not. If a register neededfor an
operands notoutfor writing, its valueis retrieved from theregisterfile andpassedo
the outputlatches.If the registeris ‘out for writing’, flagsaresetto indicatethis and
the registernumberis written on the outputlatchesto be usedlaterwhenreadingthe
requiredregistervaluefrom a forwarding path. Forwarding pathsarethe mechanism
by which registervalueswhich areresultsof instructionsn later stagesf the pipeline
arereturneddirectly to theexecutionstageif they areneededatherthanbeingwritten
backin the final stageandreadfrom the registerfile in stage2. Without this facility,
the pipelinewould have to stall until the requiredvaluewaswritten back.

ThelD stagerecevessignalsfrom its successostageto request stall, or to flush
the stage(asthe IF stage).This stagecangeneratets own stall signalto sendto thelF
stagein the circumstancehatthe destinatiorregisteris out for writing (i.e. oneof the
two precedingnstructionshasthe samedestinationasthis instruction,a ‘write after
write’ hazard). The stall out is thereforethe disjunctionof this internally generated
stallandthe stallin from stage3.
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3.1.3 Stage3: Execute(EX)

The executestageis whereALU operationsare performed.It containsa nestedALU

module(seesection3.1.6). It is at this point that forwarding pathsmay needto be
used. The flagssetby the ID stagefor forwarding control selectwhich (if ary) for-
wardingpathto use.Themultiplexersfeedthe ALU with theopcodecontrollingwhich
operationis performed.The outputfrom the ALU is passedo the outputlatches.

The predicatecode and the statusflags are usedto determineif the instruction
shouldbeexecuted If it shouldnotbe,anignorebit is setto beloadedinto the output
latcheson the next clock edge. A further bit is setto mark the instructionas being
valid but not executedso thatthe targetregisterit haschecled out for writing canbe
checledbackin later (but without saving ary value).

If the instructionis executedandthe S bit set, the statusflags (held within the
executionunit) areupdatedo reflectthe resultof the operation.

If the instructionis a branchinstructionandthe predicateevaluationresultedin
execution,the offsetandits correspondingenableline are passedackbackto the IF
stageto changehe PC. Theflushsignalis sentto the previous stagego instructthem
to stopprocessindgheinstructionghey hold.

3.1.4 Stage4: Memory Access(MA)

This stageis responsibldor memoryloadsandstores otherinstructionspassthrough
unchangedout undego a one cycle delay asthey passthrough. ALU instructions
cannotsimply skip pastthis stageasthis couldleadto two instructionsbothwriting to
theregisterfile in the samecycle which is not possiblewith the currentregisterfile,
andtherewould be a greatdealof compl«ity with the useof forwardingpaths.

Themodelfor datamemoryis describedn section3.2.8.Stage4 providescontrol
logic to invoke areador write is necessarandwait for completion.

3.1.5 Stageb: RegisterWrite-Back (WB)

The WB stageis the simpleststage,it checks in the destinatiorregister (if valid) and
writesbackthevalueto theregisterfile (if necessary).



18 CHAPTERS3. IMPLEMENTATION

3.1.6 The ALU

The ALU performsoperationson two 32 bit inputs producinga 32 bit outputand4
statusflags. The operationsaredescribedn the ARM Specification[§ In this model,
the ALU is implementedasa multiplexer with the 16 functionsof the two inputsas
the multiplexer inputswith the opcodeasthe control for the multiplexer. The actual
implementatiorusedby AdvancedRISC Machinesis a seriesof bit cells connected
by acarrylook-aheadthain[3. The ARM implementatioris muchmorecompaciand
efficientbut thechosemmodelis sufficientfor thiswork andshouldoptimisewell when
synthesised.

3.1.7 The RegisterFile

For this simplifieddesign,atarny onetime up to two registersmay needto bereadand
onewritten.

In Verilog, therearetwo possiblewaysto write aregistervalue:

1. Theregisterselect buscouldbedecodedo give awire perregister thisis high
whenthatregisteris to bewritten. Thisis AND’ed with the write enablesignal
beforeclockingthelatchthathold this registers value. (Figure3.1(1).)

2. All latchesareclocked from the mastersystemclock andthey eachhave amul-
tiplexer on their input to choosebetweenthe incoming register value and the
existing value of the latch. The samedecodedgenabledwires from above are
usedto controlthe multiplexers,if the controlis low, thelatchvalueis fed back
to its input therebymaintainingits state,if the control is high, the incoming
registervalueis loadedinstead.(Figure3.1(2).)

Thefirst of theserequiredesssilicon areaandhasa shortertotal gatedelaybut the
seconchastheadwantageof working onacommonclock ratherthanthedelayedgated
clock. In arealsystemthelatteris usefulbecausét helpsto preventproblemsassoci-
atedwith clock skew andallows thecircuit to be easilyimplementedn programmable
gatearraydeviceswhichtendto have specialclock distribution wiring (henceneeding
acommonclock).

A readportis easilycodedasa multiplexer:

portA = registerarray[selectA];
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Select
Select
Write Enable Write Enable—
Clock
Clock
In Out In T MUX out
1. Gated Clock 2. Multiplexed Feedback

Figure3.1: Cell of RegisterFile - Alternatives

wherethe registersand wires have beendeclaredbefore. This meansthat ary
numberof readportsis easyto implementn anRTL modelbutin siliconthesizeof the
structurecangetlarge. In arealregisterfile, latchesareunlikely to beused,Furber[3
describeshecircuit with which ARM implementgheregisterfile. Figure3.2shavsa
possibleVLSI layoutfor asinglecell of a2 readport, 1 write port device, anarrayof
32 by 16 of thesewould be neededor a 32 bit 16 registerfile.

,«/6@’6 05(’/\’?/ 06?/\’?’ Metal Layer
\“@\ ?\(/,P* Qg} Polysilicon
Diffusion
S N - - Connection
e WRITE BUS

VCC for inverters

GND for inverters
READ BUS A

READ BUS B

Figure3.2: Cell of RegisterFile VLSI Layout

3.1.8 Program and Data Memory

The aim of the projectis to look at the CPU core so detailedmodelsof the memory
arenotrequired.The memorywassplit into separatareador programanddata,this
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is obviously not true of real processorgwith exceptionssuchasthe 8051 family) but
mary modernprocessorbave separaténstructionanddatafirst-level cachegHarvard
architecture)sothis simplificationis avalid oneto malke.

Theprogrammemoryis derivedfrom theassemblecode.Theassembleoutputsa
Verilogfile containinga 32 bit wide multiplexer with hardwired inputscorresponding
totheinstructioncode theparticularinputis selectedy theaddresduscontainingthe
requestedhddress.This is a purely combinationakircuit with no concernfor details
of cachemissesandsoon.

The datamemoryneedsto be a little more realistic sincethe delaysassociated
with memoryloadsaffect the core CPU performanceThe modelusedin describedn
section3.2.8.

3.1.9 Systemintegration

The moduleswere connectedogetherasshavn in figure 2.2. The entireassembled
pipeline was connectedo a clock generatorfor simulation. The testingdetailsand
resultsaredescribedn chapterd.

3.2 SuperScalarVersion

Having implementedhenon-superscalarersion thenext taskwasto produceasuper
scalarCPU.Theblock designfor implementatioris shavn in figure 2.4anddiscussed
in section2.6.2.

3.2.1 FeederUnit

Thefeederunit is theequivalentof stagesl and2 from the non-superscalatesign,in
fact, the samecodewasusedasa startingpoint (but modified). The main difference
betweenthe feedingof this superscalaversionandthe earlierversionis thatbranch
predictionis performed. The ideais that different prediction methodscan be tried
andencapsulateth modulesthathave a commoninterfaceenablingeasychangingof
methods. The interface consistsof inputsto the predictormodule,theseare of two
types(aswell astheclock):
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1. CurrentStatus: The PCvalueatthe moment,a flag to denotewhetherthe cur
rentinstructionis a branchand the branchoffset containedwithin the branch
instruction.

2. FeedbackTheretiremenunit considersranchinstructionsasit retiresinstruc-
tionsin programorder It checkswhetherthe branchshouldbetaken. It passes
this decision,alongwith the branchinstructions addressbackto the predictor
to enablepredictioncachego beupdated.

The outputfrom the predictoris the next valueof the PC (this will betheold PC
plus 4 for non-branchinstructions) the 'alternatve PC address’thatis, the address
that shouldhave beenusedif the predictionturnsout to be falseanda bit to mark
whetherthe branchwaspredictedio have beentakenor not.

The decodedbutputsare essentiallythe sameasthe non-superscalarersion,the
register numbersare thoseof architecturalregisters,theseare corvertedto physical
registersby the colouringunit later A majordifferencefrom thenon-superscalarer
sionis thatnoregistervaluesarelooked up at this point.

3.2.2 Simple Branch Prediction

Thefirst branchpredictionusedwasa simple, fixed predictionof eitheralways pre-
dicting the branchtaken or always predictingthe branchnot taken. This wasinitially

hardcodedinto the feederunit to enableotherpartsof the designto be tested.Later,

this functionalitywasmaovedto a separatenodel. The modulessimply take theinputs
(branchtargetaddressandnext location)andpassthemto the next PCandalternatve
outputs(eitherdirectly or crossedver dependingon which prediction)andkeepthe
predictionflag at a constanwalue.

3.2.3 Dynamic Branch Prediction

The sameinterfaceis usedfor the more sophisticategredictionmodulesthat were
tried later The 2-bit versionimplementsa 2 bit bi-modal predictor. The module
incorporatesl024 2 bit registers. The addresf a registercorrespondso the lower

10 bits (actuallybits 11 to 2 sincebits 1 and0 will alwaysbe zero)of the addresf

the branchinstructionto be predicted. The predictionof the currentbranchis based
onthevalueof thecache:if thevalue(canbebetweerD and3) is 2 or 3, thebranchis

predictectaken.
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The 1-bit versionuses1024 1-bit caches.It operatesn a similar way to the 2-bit
versionbut the valuescanonly beO or 1, denotingnot takenandtakenrespectiely.

When(atretiretime) apredictionis checled,theaddres®f thebranchinstruction,
its predictedflagsanda bit to denotewhetherthe branchwasactuallytaken or notis
returnedto this module.If abranchwastaken, theregisteraddressedyy thelower 10
bits of the branchinstructions addresss incrementedqunlessit is already3 in which
caseit remainsat 3), in a similar manner if the branchwasnot taken, the counteris
decrementedsaturatingat O.

Theeffectis thatpreviousbehaiour is usedasa guidefor future predictionspne-
off changesn behaiour do not have aneffectif thecounteris saturatedt eitherO or
3. Theinitial valueis setto 2, thereforebiasedowardsbranchedeingtaken. Analysis
of codeshaws thatbranchesremoreoftentakenthannot[13].

The 2-bit predictoroughtto performbetterthanthe 1-bit predictorwhenlooping
becausd is resilientto one-of change®f behaior. Forexample,if aloopis executed
anumberof times,both predictorswill incorrectlypredictthefinal branch(nottaken)
but the 1-bit predictorwill thenincorrectly predictthe branchnot taken on the next
executionwhereaghe 2-bit predictorwill containthevalue?2 in its cachesowill still
(correctly)predictthe next branchtaken.

The 1024 registerscover a codeareaof 4kB, thereis alwaysthe chancethatin
codecurrently being executedtherecould be two branchinstructionswith the same
lower 12 bits (i.e. anexactmultiple of 4kB apart)which would causepotentiallypoor
performancef the predictionbut pathologicakasedik e thesearerare.

3.2.4 Instruction Holding

The holding unit containsthe pool of instructionswaiting to be executedor retired.
The pool consistsof a numberof dots, eachcorrespondso aninstruction. A slotis
essentiallya bankof registersholdingthe instructiondetails(decoded)putputdetails
(afterexecution)andsomestatushits. A block diagramof aslotis shavn in figure 3.3.

The slot moduleencapsulateall the perslot logic and registerswithin a single
modulethat canbe instantiatecas mary timesasnecessatyThis is clearly advanta-
geousover a single 2-dimensionahrray of registersasit breaksthe work down into
moremanageablélockswhich canbetestedndividually.

A slotcanbein oneof four statesiempty waiting, readyor completed The empty
stateis whentheslotis not currentlyholdinganinstructionandis availablefor useby
anincominginstruction.A waiting slothasbeenloadedwith aninstructionbut cannot



3.2. SUPER-SCALARVERSION 23

be executedyet becaus@mneor moreof its operandsirenot available. A slotis ready
whenall of its operandsare available andis a candidatefor executionwheneer the
schedulingunit chooses.Oncea instructionhasbeenexecuted,its slot is marked as
completedndicatingto theretirementunit thatit is readyfor removal.

The statecould be representedby only two wires but for simplicity and easeof
understandingnorewerechosen:

e empty - highif theslotis empty
e ready - highif theslot's instructionis readyto be executed

e complete - highif theinstructionis readyto beretired

To simplify the schedulinga separateready line wasusedfor differenttypesof
instruction. The threetypesof instructionwere ALU, memory(load/storeor ‘LS’)
andbranch.Branchinstructionsno not needexecuting,they areonly requiredby the
retirementunit to checkthe branchprediction. This leavestwo types,ALU andLS
with correspondingeadyflagsready andreadyLS respeciiely.

Feeding bus Notify buses
From execution units

Write

Flush —‘

IsEmpty

Complete

Reg
Watch

N

sayore]

Jun 1apaay 01
JUN JUBWIAINAI 0L

Mark Empty

v
To execution unit multiplexers To retirement multiplexer

Apeal
1Apeas

(

To scheduler

Figure3.3: Instructionholding ‘slot’

Thelogic internalto the slot updategheseflagsby watchingsignalscomingin on
busesto which the slotsareconnectedThe principleactiities are:

e Loading

An instructionis initially loadedinto a slot afterit arrivesfrom the feederunit.
The slotsarearrangedn aring. A counterkeepstrack of the next slotin the
ring, if it is empty anincominginstructionis insertedn theslotandthecounter
adwanced.This ensureghatthe instructionsarein programorderin the slotsso
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thatwhenthey areretired usinga similar countey they areretiredin orderas
well.

When the slot seesa high write line, it loadsthe incoming instructioninto
registersandmarksits empty flag low to indicateit is full. It alsochecksf ary
of theinstructions operandsareaboutto becomeready

Watchingfor registers

An instructionwill beloadedwith the numberof the physicalregisters(P-reagys,
seesection3.2.5for registerdetails)it needgalongwith enableflagsto sayif it

actuallyneedgheregisters).Theslot couldstorethe actualvalueof theregister
onceit hasbheencomputedor alternatvely the valuescould be storedcentrally
and a flag setto indicateit is ready The latter methodwas chosensinceit

requiresfarlesswiring andallows all the P-regsto be heldtogethercloseto the
executionunits, providing performancéenefitdn arealimplementationlt also
simplifiesthe casewhena registeris computedbeforean instructionneedingit

hasbeenloadedsowill needto be storedsomeavherein theinterim, thechosen
methodallows this with little extra overhead.

Whenaregistervalueis aboutto beready(i.e. availableon the next cycle), the
register numberis sentout on a notification bus (with an enablesignal). The
slotslisten to thesebuses,and uponspottingthe a register numberneededby
theinstruction,a flag markingthis registerasavailableis setin the slot. Since
eachexecutionunit canhave aregisterreadyatthe sametime, thereneeddo be
anotificationbusandenablefor eachexecutionunit andthe slotsmustlistento
each.

Theready andreadyLS flagsarecombinatoriafunctionsof the ‘registeravail-

able’ flagsdenotingwhethermregistersareneededr not (e.g.a move instruction
doesnot needoperandl andanALU instructionwith animmediatevaluedoes
notneedoperand?).

Execution

The slot malkesall its instructioninformationavailable on outputbuses.These
areconnectedo multiplexerscontrolledby the schedulersA slotwill notknow
whenits instructionis beingexecutedsotheexecutionunitswill signalbackto it
whenit hasbeencompleted.Thisis simply a completionenableline thatwhen
high causegheslot to setits complete flag.

Retirement

Similarly all detailsrequirecby theretireunit arealwaysavailableontheoutputs
sothe retire unit mustsenda signalto instructthe slotto markitself asempty
readyto bereusedater.



3.2. SUPER-SCALARVERSION 25

In theinitial implementationthe unit wassizedto contain64 slots. The hold unit
alsocontainsthe schedulerandexecutionunits asnestednodules.This arrangement
makesthe wiring lesscomple sincethereare mary interconnectiondetweerslots,
the schedulerand the executionunits. The hold unit handlesthe incoming decoded
instructionstream. It maintainsthe slot countermentionedearlierandprovides mul-
tiplexersfor the executionandretirementunits. Thesemultiplexersare controlledby
the scheduleandretirementunit respecirely.

The decodednstructioncomesfrom the feederunit (via registercolouring)in a
way similar to way the decodestagefeedsthe executestagein the non-superscalar
design. If the next slot is not emptythe hold unit muststall the feederuntil the slot
becomedree.

3.2.5 Registers

Both physicalandarchitecturakegisterbanksare maintained. The former holdsthe
actualvaluesof thecolouredregistersthelatterholdsarchitecturastateoverexecution
restartgollowing anincorrectbranchprediction.Sincetheexecutionunitsmake heary
useof bothtypesof registers they arelocatedin the modulecontainingthe execution
units.

Theregisterfile logic providesthefollowing functions:

1. Multiplexorsfor theinputsto executionunits.

The executioncontrol circuitry recevesaddressesf the register(s)neededand
flagsto indicatewhetherthevalue(s)shouldcomefrom anarchitecturabr phys-
ical register (seesection3.2.6). The register unit provides a multiplexer con-
trolled by thesesignalsto provide the actualvaluefor the executionunit.

2. Simultaneousvrite-backfrom executionunits.

Therearea total of threeexecutionunits (seesection3.2.7),all of which could
completein the samecycle. This causeaup to threevaluesto written back
simultaneousiyto the registerfile. This is achieved by having a multiplexer
on eachregisters input selectingoetweerthe executionunits. (Therewill never
betwo instructionswith the samedestinatiorregisterin the pool atary onetime
sothiswill work.)

3. Transferof avaluefrom a physicalto architecturategister

Retirement(section3.2.11) causesvaluesto be copiedfrom a physicalto an
architecturalregister This is the only time an architecturalregisteris written
to, so they only needa single write port. Sincethis designonly allows one
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retirementper cycle, a singlemultiplexer betweerthe physicalregisteroutputs
and the single architecturalregister input controlledby the retirementunit is
sufficient.

There are three execution units taking two operandseach and one copy-to-
architecturalmultiplexer, this meansthat the physicalregister file needsseven read
ports.

3.2.6 RegisterColouring

The purposeof the register colouring unit is to translatebetweenarchitecturaland
physicalregistersandvice versa.lt maintainghreelookuptables:

1. Architecturalto physical(usedwhenfeeding)
2. Physicatlto Architectural(usedby retirementunit)

3. FreePhysicalregisterslist

The procesof registercolouringremovesthe name dependence betweerinstruc-
tions leaving only data dependence, undoingthe live variable analysisand register
colouringperformedby thecompiler[1]. Theideaof aliverangeis usedaliverange
for aregisterbaginswhenit is written, andendswhenthatvalueis lastread. A new
physicalregisteris usedfor eachlive range.

Themechanismsisedto updatethetablesare:

e Beginningalive Range

Whena destinatiorregisterthatwill be written to (i.e. only valid instructions
which write a resultregister) is encounteredthe ‘forward’ lookup table (ar
chitecturalto physical)is updatedor the architecturaldestinatiorregisterwith
the next free physicalregister from the freelist. The ‘reverse’lookuptableis
updatedby insertingthe architecturalregisterin the locationfor the physical
registerused.Thefreelist is updatedo markthis physicalregisteras’currently
in use’.

¢ A PhysicalRggisterbecomingfree

Oncea live rangeends,a physicalregister must be marked as free so that it
may bereused.A live rangewill bedeclaredo have endedwhenthe architec-
tural registeris written to next. This meansthat whenretiring an instruction
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thatwritesto aregister the physicalregistercorrespondindo the architectural
registerin therangejust ending canbe marked asfree. This canbe donesince
instructionsafter the onebeingretiredwill referto the physicalregistercorre-
spondingto the architecturakegisterin thelive rangejust beginning. The only

instructionsreferringto the physicalregisterbeingmarked asfree areonesthat
arebeforethe currentlyretiring one,which would alreadyhave beenretired.

To performthis action, it is necessaryo know the last physicalregisterto be
allocatedto the architecturakegisterfound by a reverselookup on the physical
destinatiorregisterof theretiringinstruction. Thisis implementedvith afurther
look up tablecalled‘1ast’ which is indexed by physicalregisternumber and
returnghenumberof thephysicalregisterlastallocatedo thesamearchitectural
register Whenallocatinganew physicalregister aforwardlookupis performed
onthearchitecturategisterbeforethe new pairingis written. This valueis then
putin the last tablein the locationfor the new physicalregister If thisis the
first time this architecturakegister hasbeenwritten to sincethe last flush (or
beginning of the code)thenthelastvaluewill be meaninglessincethereis no
live rangeto mark asfree. The physicalregistervalue 0 wasusedasa marker
for this (analternatve way would beto have a correspondindpitmapindicating
validity).

Lookupsarefar simplerdueto thetwo tableoperation.Givenanarchitecturateg-
ister(for anoperand)the physicalregistercanbefoundsimply by usingamultiplexer
on the outputof thelookuptable: physical = forwardlookup[architecturall
Thereverselook upis similar.

Whenbegginning a new codeblock (i.e. aftera flush or from the very start), the
valuesin the lookup tableswill be eitherempty or will containmappingscreated
afterthe wrongly predictedbranchsowill be meaninglessThe correctvaluesof the
architecturaregistersareheldin anarchitecturategisterbankandareupdatedatretire
time. Usingthe methoddiscussedo far, lookupsfor operandswill producephysical
registerscontainingincorrectvalues. What is neededs to get the valuesfrom the
architecturaregisterfile until the physicalregistersarewritten to again.

Therearea numberof solutionsto this problem:

1. Thelookuptablescould be preloadedvith mappingssuchasarchitecturakeg-
isterx mapsto physicalregisterx andall 16 architecturategistervaluescopied
to correspondingphysicalregisters.

2. Eacharchitecturakegistercould be taggedto indicatewhetherthe valueto use
shouldbe obtainedfrom the architecturalor physicalregister banks. This tag
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would beresetto markthearchitecturabankandswitchedto markthe physical
bankassoonasthatarchitecturategisteris writtento.

3. Rayisterscouldbecopiedfrom thearchitecturato physicalregistersondemand.
The normalmechanismdor finding a free registerwould be used. This would
needtagsto recordwhethera copy is neededut theinstructionsvould notneed
to carryary moreinformation.

The secondof thesemethodsvasusedsinceit savesa greatdeal of datacopying
which takestime andaddscompleity to the circuit andrequiresextra readandwrite
portsontheregisterfile. Whenlooking up anoperandjf thetagfor thatarchitectural
registeris setthenabit in thedecodedutputis setto tell theexecutionunit to usethe
architecturaregisterinsteadof physicalregister The architecturaregisternumberis
storedin the lower four bits of the registernumberfield.

Figure 3.4 shavs anexampleof the forward andreverselookup tablesaftersome
instructionshave beenfed throughtheregistercolouringunit.

Forward Reverse
Archi | Phys Phys| Archi
0|23 0|0
14 114
2|5 24

3|45 3|10
412 41
5|54 5|2
6|8 6|11
7|31 7|12
81|49 8|6
9|27 9|13
10| 13 10| 6
11| 6 1115
12 | 44 12| 10
13 |9 13| 9
14 | 43 14| 4
15| 22 15| 11
16| 3
17| 0
1810

Figure3.4: Examplearchitecturato physicalregistermappings
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3.2.7 Execution Unit(s)

Differentexecutionunitsareneededor ALU instructionsandmemoryaccessnstruc-
tions. The executionunits are given the operandregisternumbersor immediatedata
with flagsto specifywhichis to be usedaswell asinstructiondataincludingthe oper

ationcode(opcode)or the ALU.

The registersare neededby all the executionunits so could be heldin a central
registerfile modulewith portsfor eachexecutionunit. The actualmethodusedwas
to have the registersin a single executionunit centralmodule. This performsall the
registerlookupsand decisionsbetweenregister valuesand immediatedata. Nested
within this are separatenodulesfor eachexecutionunit which are passedhe actual
values.Theexecutionunit modulesreturncompletioninformationbackto the central
executionmodulewhich in turn provides notificationsbackto the slotsfor registers
being ready and instructionsbeing completed. Statusflags (carry etc.) valuesare
written backto the slotsandleft to theretirementunit to useif necessary

The ALU and parts of the memory accesscode were reusedfrom the non-
superscaladesign.

3.2.8 DataMemory Access

In orderto make simulationsrealistic, modelsof the datamemoryare needed. An

accuratenodelis beyondthe scopeof this project. Insteadonegiving the impression
of quasi-randomaccesddelaysis used. The fine detailsof cachingalgorithmsand
memorybehaiour will notbe modelled.If futurework requireda bettermodule,one
could be written using the sameinterfaceand would work with the restof the code
unchanged.

This modulehasa constantlyrunning countey incrementedn eachclock pulse.
The countercountsfrom 0 to 7 androundagain. A datavalueis deemedo beready
whenthis counterreacheszero. For example,if a valueis requestecindthe counter
is at 3, the flag to tell the executionunit thatthe datais readyis not setuntil 5 cycles
laterwhenthe counterreache®). Thereforetwo consecutie requestwill besened8
cyclesapart. This is not realistic,sinceevenif therequestsarefor the sameaddress,
thereis a delay The memoryitself is modeledas 1024 32 bit registers(i.e. 4kB).
Writing is immediate this is quite closeto behaiour obseredin systemswith write
buffers or write-backfirst-level datacaches.
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3.2.9 Instruction Scheduling

The task of the instructionschedulelis to choosean instructionthat is readyto be
executedanddispatchit to thecorrecttypeof executionunit. Theready andreadyLS
signalsform two busesof 64 lineswhich feedinto a schedulemodule,the outputsof
this modulearethe addressesf the slotsfor eachexecutionunit, eachwith anenable
line. Theseoutputscontrolthe multiplexersbetweerthe slotsandthe executionunits.

Thereareanumberof possibleschedulingalgorithmsbut to getbestperformance,
it is necessaryo minimisethetime theretirementunit spendsvaiting for the next slot
to complete. This meansthat slots shouldhave completedobeforethe retirementunit
getsto them. Theschedulecanhelpachieve this by schedulingheoldestinstructions
first.

Thescheduleitself is a separatenodule. This enabledifferentdesigngo betried
with ease.The moduleneedsto schedulgor both ALU andload/storeinstructions.
Thelatteris easiersince,in the currentdesign,thereis only oneload/storesxecution
unit, but therearetwo ALU executionunits so caremustbe taken to ensurethatthe
sameinstructionis not sentto both at the sametime. The schedulefor theload/store
unitis separatéalthoughin thesamemodule)from the ALU schedulerTheload/store
schedulertakes the 64 bit array of readyLS flags as input and producesthe 6 bit
addressas output, using a simple priority encoderto selectthe first high bit in the
array The ALU scheduleworksin a similar way, the partof the modulescheduling
for thefirst ALU unit usesa priority encodeaswith theload/storeschedulerthe part
schedulingor thesecondALU unit usesamodifiedpriority encodethatexcludesthe
slotnumberscheduledy thefirst ALU scheduler

This simplescheduleimplementatiorsufiersfrom onedravback,whenthefeed-
ing wrapsaroundand startsfilling up thefirst slot againandthesefirst slotsbecome
ready thepriority encodemwill chooseghemover oneswhich comelaterin theholding
unit but areactuallyolder Therearetwo possibilitieshere:

1. Livewith it. In anumberof caseghe instructionsrecentlyfed to thefirst slots
of the hold unit will dependon resultsof the slotstowardsthe end of the unit
sowill not be marked asreadyuntil the slotsfrom the far end of the unit are
executed.Therewill alsobe casesvherethe datadependenciearewealer and
readyinstructionsareleft attheendof theunit, blockingretirementuntil all the
earlieroneshave beenexecuted.

2. Usetheretirementunit currentslot counterto hint to the schedulemwherethe
earlierinstructionsarein the unit. The moduleinterfacemakesa provision for
this (the counterwires are broughtto the interface)but the currentimplemen-
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tation doesnot usethe facility. This methodis likely to usea greatdealmore
logic with correspondindongersignaldelaysbut shouldprovide a muchbetter
schedulingalgorithmwhich would copewith all cases.An exampleis usinga
barrelrotatoron the 64 input lines beforethey enterthe priority encoder The
dagreeof rotationwould be controlledby the currentslot countersuchasto
bring theline correspondingo the oldestinstructionto thetop.

A compromisenvould beto usethetop few bits of theretirementcounterasa hint
to the scheduleasto whereit shouldstartlooking. This shouldneedlesslogic than
a fully optimisedschedulebut would not suffer from the problemsdescribedn (1)
above.

3.2.10 Speciallnstructions

To enabledelugging and testingsomeextra instructionswere provided. HLT stops
executionwhenit is encounteredit retire time. The purposeof thisis to stopthesim-
ulation onceall the codehasbeenexecuted.Codepastthe HLT instructionwill have
startedts journey throughthe systembut will notberetiredandhencenotchangehe
architecturaktate.REG causeghe architecturaktateto be dumpedby the simulation
whenthis instructionis retired. The actionsof theseinstructionstakesplaceat retire-
mentsincethatis the oneareathat architecturaktateis correct. The instructionsare
handledin the sameway asNOP instructions(anotheradditionfor testingpurposes),
they aremarked ascompletewhenbeingfed andcauseno changeto architecturalbr
physicalstate.

3.2.11 Retirement

Retirementis the procesof remaving completednstructionsfrom the poolandcom-
mitting changedo architecturallyvisible state. Instructionsare retiredin program
order A counterpointinginto the pool is maintained.Eachtime aninstructionis re-
tired, the counteris advancedto point to the next instruction,which is retiredwhen
ready

Theretirementunit checksto seeif theinstructionhasa destinatiorregistervalue
to write. If so,it usesthe registercolouringunit’s lookup tablesto find which archi-
tecturalregisterto use. It thensendssignalsto theregisterfile to copy thevaluefrom
the physicalto architecturalregister This ensureghatat ary point the architectural
registerscontainthe correctvaluesfor the pointin the programthattheretirementunit
hasreached.
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The retirementunit maintainsa setof architecturalstatusflags. It usesthe flags
from the instruction (obtainedduring execution)andthe S bit to updatethe flagsiif
necessatyBecausdnstructionsareretiredin programorder the value of the status
flagsis correctfor thecurrentpointin the program.

Whena branchis encounteredits predicatebits andthe architecturaktatusflags
areusedto work out if the branchshouldhave beentaken. This is comparedwith
the marler bit held with the instructionthat camefrom the branchpredictor If the
predictionwascorrect,a signalis sentbackto the predictorto confirmandretirement
carrieson. If thepredictionfailed,the predictoris informedandthealternatve address
is sentbackto thefeederto getthePCto jumpto thecorrectaddressAt thesametime,
the entire holding pool, colouringlookupsand feederare flushedsincethey contain
instructiongpastthewrongly predictedoranch.Becausehearchitecturategistersand
statusflagshave beenupdatedn programorder they representhe correctstateat the
pointthe branchoccurs.Thus,whenexecutionresumegrom the correctlocation,the
architecturabktatewill becorrect.



Chapter 4

Evaluation

4.1 Testing

Throughoutthe work, the approachiaken wasto testasoften aspossible. This took
the form of individual testsfor modulesandtestson the integratedsystemafter new
functionswereadded.

4.1.1 Module Testing

Many of the modulescodedhad a module test wrapperwritten for them (the ex-
ceptionsbeing thosethat really did not needit or proved difficult to testin isola-
tion). The testharnessa modulecalled SIMSYS (), wasincludedin the sameVer
ilog sourcefile asthe moduleto be tested. The SIMSYS modulewasenclosedn an
IFDEF (testing) /ENDIF block sothatit wasonly passedo thesimulatorif testing
hadbeendefinedpreviously:.

This methodallowed the behaiour of eachmoduleto be looked at in isolation.
The SIMSYS modulegenerallycontaineda clock sourceand someinput stimuli that
could easilybe changed.The effect was similar to beingableto inject a signalinto
a partof a circuit without worrying aboutthe other parts. Both simulatortracesand
textual outputfrom the $display commandsvere usedto view the behaiour. An
exampleof the outputof a moduletestis shavn in appendixA, alongwith the test
harnessisedto generatet.

Eachmodulewastestedwith a numberof differentinput stimuli (stimuli changed
by editing the testharnesscode). Boundaryconditionsandlikely trouble spotswere
testedaswell asgeneralcases.Testresultswere comparedwith whatwould be ex-
pected.The comparisorwasdoneby hand. A more sophisticateanethodwould use
automatedestingin which a setof testvectors(detailinginput stimuli andexpected
output)would be presentedo thetestsuite(similarto how realhardwareis tested).

33
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4.1.2 Assembler

Fromthe proposaktagethroughto thedesignandimplementatiorstagest wasknown

thatanumberof restrictionsonthe ARM instructionsetarchitectur€ISA) would have

to bemadein orderto make the projectfeasiblein thetime available. This meantthat
arbitrary ARM code could not always be run becausdt may not conformto these
restrictions.I choseto write my own minimal assemblewith which | could precisely
controlwhich featureswvereallowed.

A secondreasonfor wantingmy own assemblewasfor the ability to add extra
commands.l added3 control commandsiot normally available: NOP, HLT andREG
which standfor ‘no-operation’,'halt’ and‘dumpregisterfile’ respectiely. Thesewere
for simulationpurposesThis proved easiethanmodifying the GNU assemblesince
| know Perlwell but do notknow C or thedetailsof the GNU assembler

The assemblewasa small Perl program. It readan assemblefile into memory
andperformedwo passe®ver the code,oneto establishthe addressesorresponding
to labelsanda secondo actuallyproducehecode.lt producedwo outputs:a Verilog
modelof the programmemory ana binaryfile for usewith areal ARM or an ARM
emulator The programwaswritten in suchasway asto allow extra commandgo be
addedwith ease.

4.1.3 Running CodeFragments

As soonasenoughmoduleshadbeencompletedo allow themto beintegrated,small
codefragmentswere executed,eachaimedat testinga particularaspectof the func-
tionality. Theassembledescribedn section4.1.2wasusedto assembldéhe program
memorymodel,which wasthenexecuted.

The very first testwason the non-superscalarersionbeforeary interlockingor
forwarding pathswere added. The codehadinterleared NOP’s (asin software inter
locking) betweena seriesof ALU instructions. At this stage the branchinghad not
beenfully implementedsoonly linearsequenceweretried. Theregistervalueswere
displayedeachcycle by $display commandsn thecodeandthesewerecomparedo
the expectedvaluescalculatedoy hand.

Whenbranchinghadbeenfully implementedsimpleunconditionabranchesvere
triedfirst. Thecodehadsomelinearsequencesf ALU operationgollowedby ajump
to anotheraddresshensomemore ALU operations Again the expectedresultswere
manually calculatedand comparedo the behaiour obsenred, including the correct
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flushingof the pipeline. Conditionalbranchesverenext, usedto createsimpleloops,
asimplemultiplicationloop wasusedoftenasatest:

@ Test a simple loop

MOV R1, #20 @number of times to go around loop
MOV R4, #0 Qaccumulating result
:loop

ADD R4, R4, #8 ©@add 8 to acc

SUB S R1, R1,#1 @decrement loop counter

B (NE) loop @branch if loop counter not at zero
MOV R8, R4 Omove result to R8

A numberof codefragmentsweretried. After eachmajor function wasadded,
the emphasiof the testswason this new function but otherfunctionsweretestedto
ensurethatthe additionhadnot damagedanything else.

4.1.4 Inter preting Output

Virtually all moduleshad $display commandsproducingoutputto the screenon
eachclock edge,someonly displayedinformationwhenparticularflagswerehigh or
whenstatechangedut mostdisplayedcurrentstateon every cycle. This meantthata
large amountof outputdatawasproducedvhenrunningarything morethana simple
moduleor codefragmenttest. To make theinterpretatiorof the outputeasiera small
Perlscriptwaswritten to turn the outputfrom the non-superscalaimulationinto an
HTML tabledescribingthe stateof the pipeline.

An examplefrom onesuchtableis shavn in figure 4.1. Thefirst columnis time,
the next five columnsrepresenthefive stagesandthe final columnshows theinstruc-
tion currentlyin the executestage.A blue colour denotesa stagenot currentlyactive
(thevaluesof thesignalsarethereforegarbage)aredcolourindicateshatthe stageis
stalled,awaiting thefollowing stage(s}o complete.

4.2 Comparing the Versions

The different versionswere comparedby executingthe sameprogramon eachand
countingthe numberof clock cyclesusedto completethe program. The following
sectiongdescribea coupleof thetestprogramshatwereused.
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¥ Pipeline Summary - Netscape
Edit Wiew Go Window Help

Back  foverl Reload  Home  Seach Netssaps  Pint  Secuity  Siop B
% w$ T Bookmaks A Ln:annn-ﬁe ##MWckbuffer/pipe hirl =]
arg2reg: 7

(0 (00000000, 7 [00000017)) MOV (ALWAYS) 8 00000017] E
ishranch: 0 i
opcode: MOV
arg 1 : 00000000
arg2: 00000017
destreg: 3
isalu: 1
result: 00000017
450/ data: e0Zballc [STALLED: 0 enme: 0000 dest:
PC:0000000¢  [instruction: e513b000 cond: ALWAYS |STALLED: 0
TGNORE: 0 TGNORE: 0 lismem: 0
branched:0  [GNORE: 0
arglreg: 0 fvalue: 00000017

STALLED: 0
condfailed: 0
arglreg: 13
ishranch: 0
opcode: MOV
arg1 : 00000000
arg2: 00000024
destreg: 12
isalu: 1
result: 00000024
554 data: 00000000 [STALLED: 0 cumz: 0000 dest: 12 dest:
PC: 00000010 [instruction: 08ba00c jcond: ALWAYS (STALLED: 0 [IGNORE: 0
IGNORE: 0 IGNORE: 0 fismem: 0 value: 00000017
branched: 0 IGNORE: [
arglreg: & alue: 00000024
STALLED: 0
condfailed: 0
argZreg: 0 (8 [00000017], 0 [00000000]) AND (ALWAYS) 11 [00000000]
ishranch: 0
opcode: AND

(0 [D0000000], 13 [0000024]) MOV (ALWAYS) 12 [00000024]

arg1: 00000017
axg2: 00000000
destreg: 11
isalu: 0

resuliz 00000000

625 ataz 000000ND dest: 11 dest: 12
PC: 000N 4 STALLED:l [IGNORE:
lismem: 1 Jue: 00000024 =
=3l

|Documert: Done

Figure4.1: Pipelineactvity table

4.2.1 Factorial Program

A smallfactorialprogramwaswritten. It hasa subroutingo multiply two registersand

placetheresultin athird, andaloop to multiply (usingthis routine)an‘accumulator’

registerby theloopindex valuewhich is decrementedn eachiterationuntil it reaches
1. Thepseudocodéor thisis (theassemblecodeis shavn in appendixC):

integer acc :=1;
integer fact := 5; //factorial to compute
while (fact != 0) do
integer temp := multiply(fact, acc)
acc := temp
fact := fact - 1
endwhile

Thelargestfactorialthatcanberepresentedsa 32 bit integer(signedor unsigned)
is 12! (0x1C8CFCO00)The programwasruntwice on eachmodel,oncecomputing5!
andoncecomputingl2!. On completiontheresultwaschecled againsthe expected
value and the numberof cyclestaken to run the programrecorded. The resultsare
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shawvn in figure 4.2. Thelastcycle to be countedis the onewherethe final resultis
writtento its architecturategister

Model 511 12!
Non-Superscalar 119 | 525
SS(2 ALU units)with static’alwaysbranch’predictor| 97 | 374
SS(2 ALU units)with dynamicl-bit branchpredictor | 106 | 396
SS(2 ALU units)with dynamic2-bit branchpredictor | 86 | 366

Figure4.2: Numberof cyclestakento executethefactorialtest

Theseresultsshav a definitegainin instructionthroughputn the superscalaver
sion over the non-superscalarersion,43% for 12! with the 2-bit predictor Thisis
obviously only oneparticularexamplewhich doesnotrepresentherangeof programs
that could be executedbut givesa reasonabléndication of the succes®f the super
scalamethods.

The resultssuggesthat (for this exampleat least)the 1-bit dynamicpredictoris
worsethanthe static predictor This canbe explainedby the fact thatthis particular
programcontainsbrancheghat are usually taken, so the static predictoronly makes
anincorrectpredictionwhentheloop is nottaken. The 1-bit predictordoeswhatwas
correctlasttime, soafterincorrectlypredictingabranchthefollowing timethatbranch
is executedthe predictionwill bethatit is nottaken but in this programit alwaysis.
Effectively therearetwice asmary incorrectpredictions.

4.2.2 Infr equentBranching Test

A programlike the factorialone abore is very well suitedto superscalaprocessors
becausédhe correctbranchpredictioncanbe achiezed a high percentag®f the time.
The programusedin the following testwasdesignedo demonstratehat somecode
suffersaperformancdosswhensuperscalatechniquesareused.

This programcontainsalargeloop, it is executedl2 timeswith aregister initially
setto 12 beingdecrementeat the endof eachloop. Theloop containsl2 blocks of
instructions,eachblock containsa testwhich comparegheloop index to the block’s
own number(e.g. the third block compareghe index to 3, fourth to 4, andso on.).
If the valuescomparedareequal,the programbranchedorward to skip pastthe next
instruction,otherwisethe instructionis executed(it is only a simple ALU operation).
Theassemblyprogramis shavn in appendixC, the operationcanbe describedas:

for i := 12 to 1 step -1 do
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if 1 !'= 1 then a[1l]
if 1 != 2 then a[2]

al1l] + i
al2] + i

if i != 12 then al12] = a[12] + i

The loop branchis taken all but the last time, the other branchesare only ever
takenonceandto the predictor they comeatanunpredictabldéime. This suggestshat
predictingthe brancheswithin the loop could be unsuccessfulFigure 4.3 shavs the
resultsof this test. This shavs that the superscaladesignperformsworsethanthe
non-superscalasne. Thisis becaus¢he branchpredictionfails so oftenandthereis a
large overheadvhena predictionfails sothe overall time is longer

Model Cycles
Non-Superscalar 521
SSwith static’alwaysbranch’predictor| morethan800
SSwith static’don't branch’predictor 542
SSwith dynamicl-bit branchpredictor 575
SSwith dynamic2-bit branchpredictor 551

Figure4.3: Numberof cyclestakento executetheinfrequentbranchtest

A usefulobserationfrom this testis thatthe static‘alwaysbranch’predictorper
forms very badly (becausenostbranchesarenot taken). It wasobsered in the fac-
torial testthatthe performanceof this predictorandthe 2-bit dynamicpredictorwere
similar but in this casethe dynamicversionhasa hugeadwantage.This suggestgas
would be expected}hatthedynamicpredictoris the betterpredictorto usein orderto
copewith differenttypesof code.

4.2.3 Benchmarks

It would be a usefulexerciseto run SPECbenchmarkestson the models. SPEC95
(StandardPerformanceEvaluation Corporation)benchmarkdest various aspectof
a processos performance.The integer suite, CINT95, is a setof 8 integer C pro-
gramsdesignedo reflectthe realworkloadsof currentprocessorsThe programsare
large andtestnot only core CPU performancéout caching,compilerperformanceand
memoryspeed.This coupledwith the factthatthe full ARM CPU would needto be
implementedneanghatin orderto usethemon thesemodels,they would have to be
heavily modifiedsohave notbeenused.A furtherproblemis thatthe executiontimes
would have beenprohibitively long. SPEC95 benchmarksun for seseralminuteson
real hardware so runningthemon a software simulationwould take too long: an800
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clock cycletesttook about4 secondsgiving a200Hzclock whichis afactorof 1 mil-
lion slower thanrealhardware,suggestinghateachminuteon areal processowould
beequivalentto a coupleof yearson a simulator!

4.3 Succes®f the Project

Theaimsof the projectwereto developnon-superscalandsuperscalaverilog mod-
els of the core of a simplified ARM processqrto look at differentconfigurationgor
thesuperscaladesignandto compardaheversions.Thetwo modelshave beenwritten
andcodecanbeenrun onthem.

The modulardesignhasallowed differentdesignsfor somemodulesto be tried,
an examplebeingdifferentbranchpredictionmethods.Small programswererun on
differentversionsof the non-superscalaandsuperscaladesignsandthe resultscom-
pared.

Programshave beenrun on both modelswith successfutesults. The programs
mustconformto certainconstraintssuchasnot usingblock-datainstructionsor pro-
gramcountermanipulationtherthanbranching.A numberof testswerecarriedout
demonstratinghefactthemodelsdo work. Thetestsarenot exhaustve but arerepre-
sentatie of thefunctionssupportecandl amconfidentthatthe behaiour is correct.

| am satisfiedthat the modelling, simulation and comparisonaims have been
achieved and the work was successful. The project could provide a good baseon
whichto build afull RTL modelof the ARM processor
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Chapter 5

Conclusions

Thework carriedouthasdemonstrated:

1. Superscalatechniquesappliedto the ARM canimprove instructions-pecycle
efficiengy. In thetestscarriedout, animprovementwasnoticedin mary cases.

2. Thecompleity of thecircuitry neededor asuperscaladesignis fargreatethan
a traditional pipeline. The line countfollowing pre-processin®f the Verilog
files comesto about13,000for the superscalaversionand 3,600for the non-
superscalaversion.

This hasconsequencder boththe physicalsizeand power consumptiorof an
ARM CPU. The ARM is designedo be low powver and small, so a four-fold
increasdn both may counteractary gainin speedwhenchoosinga processor
for a particularapplication.

3. The ARM hasfeatureshatdo not work particularlywell with a simplesuper
scalardesign.For example the predicatedxecutionof ary instructionaddsthe
potentialfor mary moredependencidsetweerinstructionsyeducingtheimpact
of the superscalabenefit. Therearewaysto copewith this particularproblem
suchasviewing predicatednstructionsin a similar way to branchesbhut they
would addyet morecomplity.

Oneof themostbeneficialgainsfrom the superscalaapproactover the pipelined
designwasthebranchprediction.It was(in generalsuccessfuin reducingwastedcy-
clesbut with only arelatively smallamountof extra hardwareneedeccomparedo the
out of orderexecution. It may bethis factthatinspiredthe designof the ARM 10[9],
which containsa branchpredictionunit in the fetch stageof the standardfive stage
pipeline. The ARM 10 hasa limited amountof parallel executionbut is not super
scalar Theleadingarchitectof the ARM 10 ThumbFamily is quotedon the subject:

To keeptheareaandpower down, we avoidedthe compleity andcostof
afull superscalamachine.[2

41
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With the benefitof hindsight,if doingthe projectagainl would spendmoretime
ondefiningtheinterfacesnitially andl wouldtry to supportawkwardfeaturesuchas
predicatedexecutionfrom anearly stage.
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Appendix A

Example Module TestOutput:
datamem.cv

This is a sampleof the outputfrom the moduleteston the datamemorymoduleand
thecodefor thetestharness.

A.1l TestHarness

//JRB:IFDEF (TESTING)

module SIMSYS ();
wire clk, enable, rnw, ready, busy;
wire [11:0] addr;
wire [31:0] datar, dataw;

CLK10MHz clock(clk);

//Module to test
datamemory dmemA(clk, addr, dataw, datar, enable, rnw, ready, busy);

//Keep count of cycles so far, will do things on specific cycles
reg [7:0] counter;

initial counter <= 8’d0;

always Q@(posedge clk) counter <= counter + 1;

//Do things on certain cycles

assign addr = (counter == 3)712°d4:(counter==20)712’d5:(counter==40)712’d4:12°d0;
assign dataw = 32’h123456;

assign enable = ((counter==3)||(counter==20) || (counter==40))71:0;

assign rnw = ((counter==20) || (counter==40))71:0;

//display current state
always Q@(posedge clk) begin
$display("%t: counter=Yd A=)d DW=}h DR=%/h en=)b rnw=Yb rd=ib by=b",
$time, counter, addr, dataw, datar, enable, rnw, ready, busy);
end

endmodule // SIMSYS
//JRB:ENDIF
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A.2 TestOutput

Hle Edit View Search Tools Oplions Help

ERRSEE R -
¥ waves. shin

004
0/mi
175t

3

smsvs. anewi.comtor NN IERENENENESEBENEREN

SIMSYS. dmemA . enable
SIMSYS. dnenA. ready
STMSYS . dmemf.. v

1/5¢
0/HL
0/5t
SIMSYS. dmemd. datain 00123456 00123456
SIMSYS . dmeni. dataout 00000000 00000000

|

Tl

FigureA.1: DataMemory moduletesttraceoutput

150: counter= O A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
250: counter= 1 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
350: counter= 2 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
450: counter= 3 A= 4 DW=00123456 DR=00000000 en=1 rnw=0 rd=0 by=0
550: counter= 4 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
650: counter= 5 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
750: counter= 6 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
850: counter= 7 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
950: counter= 8 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1050: counter= 9 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1150: counter= 10 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1250: counter= 11 A 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1350: counter= 12 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1450: counter= 13 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1550: counter= 14 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1650: counter= 15 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1750: counter= 16 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1850: counter= 17 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
1950: counter= 18 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
2050: counter= 19 A= 0 DW=00123456 DR=00000000 en=0 rnw=0 rd=0 by=0
2150: counter= 20 A= 5 DW=00123456 DR=00000000 en=1 rnw=1 rd=0 by=0
2250: counter= 21 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=1
2350: counter= 22 A 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=1
2450: counter= 23 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=1
2550: counter= 24 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=1
2650: counter= 25 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=1 by=1
2750: counter= 26 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
2850: counter= 27 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
2950: counter= 28 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3050: counter= 29 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3150: counter= 30 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3250: counter= 31 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3350: counter= 32 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3450: counter= 33 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3550: counter= 34 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
3650: counter= 35 A= 0 DW=00123456 DR=00000005 en=0 rnw=0 rd=0 by=0
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3750:
3850:
3950:
4050:
4150:
4250:
4350:
4450:
4550:

counter=
counter=
counter=
counter=
counter=
counter=
counter=
counter=
counter=

36
37
38
39
40
41
42
43
44

O OO O OO OO

DW=00123456
DW=00123456
DW=00123456
DW=00123456
DW=00123456
DW=00123456
DW=00123456
DW=00123456
DW=00123456

DR=00000005
DR=00000005
DR=00000005
DR=00000005
DR=00000005
DR=00123456
DR=00123456
DR=00123456
DR=00123456

en=0
en=0
en=0
en=0
en=1
en=0
en=0
en=0
en=0

rnw=0
rnw=0
rnw=0
rnw=0
row=1
rnw=0
rnw=0
rnw=0
rnw=0

rd=0
rd=0
rd=0
rd=0
rd=0
rd=0
rd=0
rd=0
rd=0

by=0
by=0
by=0
by=0
by=0
by=1
by=1
by=1
by=1
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Appendix B

SampleCode: retire.cv

Thefollowing is the Verilog codefor the retirementunit in the superscalaversionof
the CPU.

//$1d: retire.cv,v 1.13 1999/05/03 14:13:33 jrb44 Exp $
//$Date: 1999/05/03 14:13:33 §

//James Bulpin
//Pt II Project 1998/99
//Design and Simulation of a Super-scalar CPU

//Retirement unit. Reads completed instruction lines from holding bay,
//updates status flags and so on, marks instruction line as empty.

//J RB:DEFINE(TESTING, "1")
//JRB:DEFINE(REGTOP, "5")

module retire (linetoread, readenable, //output to request next line
type, complete, S, flagsin, //data in from line
cond, dest, data, instaddr, //data in from line

markempty, //to line
clk,
flushout, altaddr, //branch control
retphys, reten, //register copy P->A
dumpArchi, //back to exec unit
fbPC, fbbranched, fbenable //branch predict feedback
);
//Outputs to request line
output [5:0] linetoread; //address of the line to read
output readenable; //high if we actually want to read

//To stop and restart from a different address than predicted
output flushout; //to flush rest of CPU
output [31:0] altaddr; //new address for feeder

//Data from line requested

input [2:0] type; //type of instruction

input complete;

input S;

input [3:0] flagsin;

input [3:0] cond; //condition code

input [31:0] data; //type-specific data (alt addr for branch)
input [31:0] instaddr; //original address of instruction

input [<REGTOP>:0] dest; //destination P-reg

//Feed back to line
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output markempty; //to mark this line as empty
//Connections to colouring unit to allow P-regs to be reused
output [<REGTOP>:0] retphys; //phys reg of retired dest

output reten; //enable for this

//Branch predict feedback

output [31:0] fbPC; //address of branch instruction
output fbbranched; //did it branch?
output fbenable; //enable for both

//0ther connections
input clk; //system clock
output dumpArchi;  //high to tell exec unit to $display A’s

//Internal wiring
wire condfailed; //high if condition code not satisfied
//Aliases for flags in from line

wire NF;
wire ZF;
wire CF;
wire VF;

//Aliases for type in instruction being retired

wire isALU = !type[2] && !'typel[l];
wire isBranch = typel[2] && 'typel[1] && typel0];
wire isSpecial = typel[2] && typel1] && typel0];
wire isLS = !type[2] && typelll;

//internal state
reg [5:0] currentline;
reg [3:0] flags;

//aliases for flags
assign NF = flags[3];

assign ZF = flags[2];
assign CF = flags[1];
assign VF = flags[0];

//calculate whether condition code is satisfied
assign condfailed = (

(cond == 4’b0000)? !ZF :

(cond == 4’b0001)7 ZF :

(cond == 4’b0010)7 !CF :

(cond == 4’°b0011)7 CF :

(cond == 4°b0100)7 !INF :

(cond == 4’b0101)7 NF :

(cond == 4’°b0110)7 !VF :

(cond == 4’b0111)7 VF :

(cond == 4’b1000)? (!CF || ZF)

(cond == 4°b1001)7? (CF || !'ZF)

(cond == 4°b1010)7 (NF ~ VF)

(cond == 4’b1011)7 (!NF ~ VF)

(cond == 4°b1100)7 (ZF || (NF ~ VF))

(cond == 4’b1101)? (!ZF || (!NF ~ VF))

(cond == 4’°b1110)7 0 :

(cond == 4’b1111)7 1 :0);

//Check whether branch prediction was true, using S as guess marker
//1 => predict branch taken
//0 => not taken
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wire predictfailed = isBranch && (S == condfailed);
assign flushout = predictfailed && complete;
//flush if we predicted wrong
//if predicted wrong, fallback address in type-specific data, send
//this back to feeder
assign altaddr = data;

//Branch prediction feedback

assign fbPC = instaddr; //original address of instruction
assign fbbranched = !condfailed; //branched if cond success
assign fbenable = isBranch; //only enable if actually a branch

//on clock edge, if complete then update local status flags and increment
//counter
//only update stuff if condfailed = 0, still increment though
always Q(posedge clk) begin
flags <= (readenable && complete && S && !condfailed && isALU)
7flagsin:flags;
currentline <= (predictfailed)?6’d0:(readenable && complete)
?currentline+l:currentline;
end

//connect counter to output
assign linetoread = currentline;

//mark this line as empty iff it was complete and read was enabled
assign markempty = readenable && complete;

//Can’t think why we would not read in a given cycle (other than not
//complete) so... TODO check
assign readenable = 1;

//Connect back to colouring unit
assign retphys = dest;
assign reten = (isALU || isLS) && complete;

//initialise on startup
initial begin
currentline <= 6°d0;
flags <= 4’d0;
end

//reporting
always Q@(posedge clk) begin
$display (")t %m: currentline=}d flags=/b type=}b", $time, currentline,
flags, type);
if (predictfailed && complete) $display("%t %m: Predict Failed goto %h",
$time, altaddr);
if (!predictfailed && complete && isBranch)
$display("%t %m: Predicted Correctly!",
$time);
if (complete && isBranch)
$display("%t %m: Predict: S=%b condfailed=%b cond=%b",
$time, S, condfailed, cond);

end
//Check special instructions

always Q(posedge clk) begin
if (isSpecial && (data[1:0] == 2’d1)) begin
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$display ("STOPPED DUE TO HLT");
$stop;  //HLT
end
end
assign dumpArchi = isSpecial && (data[1:0] == 2°d2); //REG

endmodule // retire
//Module test wrapper

//JRB:IFDEF(TESTING)
module SIMSYS();
wire [5:0] linetoread;
wire readenable;
wire [2:0] type;

wire complete, S;
wire [3:0] flagsin, cond;
wire markempty, clk;

CLK10MHz clock(clk);

retire retA (linetoread, readenable, //output to request next line
type, complete, S, flagsin,
cond, //data in from line
markempty, //to line
clk
);

reg [10:0] counter;
always Q(posedge clk) counter <= counter + 1;
initial counter <= 0;

//pretend every line is complete except 5
assign complete = (counter == 5)70:1;

assign type = 3’d0;
assign S = 1;

assign flagsin = 4’d3;
assign cond = 4’d3;

endmodule
//JRB:ENDIF

/*

* $Log: retire.cv,v §

* Revision 1.11 1999/03/30 14:19:23 jrb44
* bug fixes.

*

* Revision 1.10 1999/03/27 16:30:43 jrb44
* Retires loads/stores properly.

* BP feedback logic.

* instaddr connections.

*

* Revision 1.9 1999/03/23 14:53:19 jrb44
* Support for special instructions (HLT...)
* HLT handling code.

* REG handling (connect back to exec unit)
*

* Revision 1.8 1999/03/22 17:46:46 jrb44
* Added more prediction reporting.



¥R K X X K K K X X X K XK X X X X K X X X ¥ X ¥ * * *

*
~

Corrected flag reading behaviour.

Revision 1.7 1999/03/17 23:33:18 jrb44
Corrected reten function.

Revision 1.6 1999/03/17 14:15:52 jrb44
Tidied code, added extra reporting.

Revision 1.5 1999/03/17 01:06:01 jrb44
Branch prediction checking.

Flush connections

alt-addr support.

Dest passing to colouring unit.

Revision 1.4 1999/03/05 12:09:42 jrb44
Hold testing completed on this phase.

Revision 1.3 1999/03/02 16:00:29 jrb44
Added module test wrapper. Tested.

Revision 1.2 1999/03/02 13:58:33 jrb44
Connected counter to output.

Revision 1.1 1999/02/17 19:41:31 jrb44
Initial revision
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Appendix C

SomeExample TestPrograms

C.1 Factorial

Q@ $Id$

@ Factorial program

@ Compute factorial of value in R3 (not preserved) R3 must be nonzero
@ Result returned in R4

MOV R3, #12 @00
MOV R4, #1 Q@05
:loopf

Q@REG

MOV RO, R3 Q08
MOV R1, R4 Q@0C
B mult Q10
:return

MOV R4, R2 Q14
SUB S R3, R3, #1 @18
B (NE) loopf QiC
NOP @20
NOP Q24
NOP 028
REG

HLT @2C
@SUBROUTINES

:mult

@multiply RO by R1, result in R2, RO must be nonzero
MOV R2, #0 @30
NOP

:loop

ADD R2, R2, R1 @34
SUB S RO, RO, #1 @38

B (NE) loop @3C
B return @40
@ $Log$

C.2 Infr equentBranching Test

@ $Id$
@ This test should branch seldomly
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MOV R13, #12 @Counts iterations of outer loop
couter

SUB S R14, R13, #1
B (EQ) skipi

ADD R1, R1, R13
:skipi

SUB S R14, R13, #2
B (EQ) skipii

ADD R2, R2, R13
:skipii

SUB S R14, R13, #3
B (EQ) skipiii

ADD R3, R3, R13
:skipiii

SUB S R14, R13, #4
B (EQ) skipiv

ADD R4, R4, R13
:skipiv

SUB S R14, R13, #5
B (EQ) skipv

ADD R5, R5, R13
:skipv

SUB S R14, R13, #6
B (EQ) skipvi

ADD R6, R6, R13
:skipvi

SUB S R14, R13, #7
B (EQ) skipvii

ADD R7, R7, R13
:skipvii

SUB S R14, R13, #8
B (EQ) skipviii
ADD R8, R8, R13
:skipviii

SUB S R14, R13, #9
B (EQ) skipix

ADD R9, R9, R13
:skipix

SUB S R14, R13, #10
B (EQ) skipx

ADD R10, R10, R13
:skipx

SUB S R14, R13, #11
B (EQ) skipxi

ADD R11, R11, R13
:skipxi

SUB S R14, R13, #12
B (EQ) skipxii

ADD R12, R12, R13
:skipxii

SUB S R13, R13, #1
NOP

NOP

B (NE) outer

MOV R14, #123

QExpected completion results:
@R1 = 77 0x4D
@R2 = 76 0x4C



C.2. INFREQUENT BRANCHING TEST

@3 = 75 0x4B
e ...

@R12 = 66 0x42
@R13 = 0 0x00
@R14 = 123 0x7C

@ $Log$
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Intr oduction

Superscalamprocessorarethosethatcanexecutemorethanoneinstructionatatime.
Thetechniquausedto enablethisis 'Dynamic Execution’which coverstheprocessing
techniquef:

Branch Prediction: The processotooks aheadin the codeandtriesto predictif a
branchwill be taken. This meansthat the processoneednot wait until the branch
instructionhasbeenexecutedbeforestartingary following instructions.

Dataflow Analysis: In orderto executetwo instructionsin parallel,it mustbe known

that the instructionthat camelater in the codedoesnot dependon the resultof the
instructionthat cameearlierasthis resultwould not be readyuntil both instructions
had completed.Dataflav analysisdecideswhich instructionsare dependanbn each
others resultsandworks out anoptimisedexecutionschedule.

Speculative Execution: Therewill be timeswhennot all of the pipelineswill bein

use,especiallynearbranche®r complicatednterdependerinstructions.To make the
most of the processingcapacity instructionscan be executedspeculatiely, if their
resultsare not neededthey canjust be ignoredandasthat processingoover would

not have beenusedarnyway, nothingis lost. If howeverthey areneededhenthespare
processingapacitywould have beenusedto adwantage.

Thereis aconsiderabl@mountof literatureavailableon this subjectincluding:

e ComputerArchitecture,A Quantitatve Approach,2nd Edition, Hennessyand
Paterson;1996

e SuperscalaMicroprocessobesign,Mike JohnsonPrenticeHall 1991

ARM Ltd alsomake a greatdeal of informationavailable alongwith varioustoolsto
emulatethe ARM processor

The projectaim is to write a Verilog superscalarCPU andto experimenton it with
differentfunctionalunit configurationsanddynamicschedulingalgorithms.

Required Resources

In orderto run thesimulationswhich requireseveral CPU-hours] will needaccesso
the SystemResearclGroup’s Linux machines.



The Verilog codeis likely to becomequite large especiallywhengeneratindlattened
files. | wantto useRCSsol will requireabout25Mb on spaceon a CL accountsol
canaccesst from the SRGLinux machinesAs this s regularly bacled up, | will not
have to worry aboutmy own backups.

Starting Point

| amstartingtheprojectwith knowledgeof processoarchitecturdrom SimonMoore’s
IB courseon ComputerDesignandfrom somebackgroundreadingwhen choosing
this project. | know a small amountof Verilog, asusedin the IB practicalclasses.
Thepreparatiorfor the projectwill involve furtherreadinginto the detail of processor
designandthetechniquesisedin superscalarprojects.Thiswill requireaccesgo the
materialusedin lan Pratts Part |l coursein Comparatie Architectureswhich | have
obtaineda copy of.

| will alsoneedto extendmy knowledgeof Verilog asthe IB courseonly covereda
smallsubsebf thelanguage.

Project Description

In orderto experimentwith differentstructuresandalgorithmsfor dynamicexecution,
it is necessaryo have a modelthatcanbe used.Theaim is to write a Verilog imple-
mentationof a CPU andusethat asthe basisfor experimentation.The Verilog CPU
canbesimulatedwith atool suchas’csim’.

Only the core processomwill be modelled. The extra functionssuchasthe memory
managementnit will notbemodelled.A simulationwrapperwill bewrittento model
the behaiour of therestof the system.

Theinstructionsetandprogrammingnodelof areal CPUwill be usedasthe specifi-
cationof the Verilog CPU asthis will enabletestprogramsgo berun onthesimulated
CPU andthe resultscomparedagainsta programrun on the real CPU. The internal
architectureof the Verilog CPU will not necessarilynatchthat of the real CPUIit is

basedn.

The CPUwhoseinstructionsetwill beusedwill bethe ARM asit is aRISC processor
which is a good basefor a superscalardesignand thereare mary tools and much
documentatiomavailablefor it, primarily thoughthe ARM University Program.



Thework breaksdown into a numberof stages:

Firstly a simple, non superscalarVerilog implementatiorwill be written. This will
allow the designto be testedagainstthe real ARM by executingsometestprograms
whichwill bewrittento exerciseasmary aspectof the CPU’s operationaspossible.
The ARM Toolkit will beusedto helpconstructheseprogramsandthe simulator(the
ARMulator) will usedto checkthatthe simulatedCPU givesthe sameoutputasareal
ARM CPUwould. Theaveragenumberof instructionspercycle will berecorded.

Oncethe basicmodelhasbeenconstructedandverified, it canbe madesuperscalar
Thiswill involve addinga secondpipelineandthe modulesto performdataflav anal-
ysisandbranchprediction. This canthenbe testedasbeforeandthe averagenumber
of instructionspercycle recorded.

The designwill be modularto allow easychangesof architecture. This will allow
experimentsto be carriedout, for exampleexperimentingwith differentnumbersof
functionalunitsor differentalgorithmsfor thedynamicscheduling.

Up to this point, the Verilog will have beenwritten to modelthe behaiour of the
CPU,with nodetailof gatelevel design.Thereforedelaywill nothave beentakeninto
account.Thenext phaseof the projectwill beto usea synthesidool to generatea gate
level designwhich canbe usedto identify which partsof the designrequirethe higest
numberof gatesandwherethecritical pathis. This shouldallow the determinatiorof
amaximumclockrate.

Extensions

Thisis avery openendedorojectandwould naturallyleadto thefollowing extensions
which, dependenbntime, may be carriedout:

e Tamet a particulartechnologyto producea back annotatechet list. This will
allow amorerealisticclock rateto beidentified. Thereis alsothe possibility of
programminghe CPU’s netlist into a FPGAIn orderto have anactualworking
(albeitslow) CPU.

e Numerousotherexperimentswith the architectureandgatelevel layout.

¢ Implementatiorof the extra functionality of the ARM not previously modelled
(suchasthe memorymanagemeninit).



Plan of Work

Thework will bebrokendown into the following segments:
Preparation:
1. Backgroundeadingaboutprocessodesignandin particularaboutsuperscalar
design.
2. Learningaboutthe ARM instructionsetandprogrammingmodelin detail.

Practical Work:

3. Write Verilog for the simple CPU.

N

. Testandimpraove on this model.

5. Write Verilog codefor dynamicexecutionextensiongschedulerbranchpredic-
tor...)

6. Testnen modelandexperimentwith architecture.

\I

. Synthesisenodelanddo critical pathanalysisandtry to optimise.

Report:

8. Initial planof report,draft of eachsectionto decideon content.
9. Write reportdetail.

10. Finalreadingover, presentationbindingandsoon.

Eachof thesesegmentsshouldtake about2 weekswith the exceptionof 1, 2 4 and
10 which shouldtake aboutl weekeach,the first startingwhen confirmationof the
projects acceptanc@asbeenreceved. This shouldmeanthatthe first four segments
will take placeduring MichaelmasTerm,5 duringthe periodbetweenthe endof full
term andthe endof term. 6 and 7 during the first half of Lent Term andthe final
threeduringthe secondhalf of Lenttermandthe periodbetweerthe endof Lent full
termandthe endof Lentterm. | aim to have the entireprojectfinishedby the Easter
vacationbut in the eventof difficulty the Eastenvacationcanbe usedto finish off any
unfinishedwork.



